The magnetoelectric ZnCr 2 Se 4 spinel, with space group F d3m, undergoes a reversible first-order structural transition initiating at 17 GPa, as revealed by our high-pressure x-ray diffraction studies at room temperature. We tentatively assign the high-pressure modification to an AMo 2 S 4 -type phase, a distorted variant of the monoclinic Cr 3 S 4 structure. Furthermore, our Raman investigation provides evidence for a pressure-induced insulator-metal transition. Our density functional theory calculations successfully reproduce the structural transition. They indicate significant band gap and magnetic moment reduction accompanying the pressure-induced structural modification. We discuss our findings in conjunction with the available high-pressure results on other Cr-based chalcogenide spinels.
I. INTRODUCTION
Ternary Cr-bearing compounds of the A 2+ Cr 3+ 2 X 2− 4 (A 2+ = Ti-Zn, Cd, Hg; X 2− = O, S, Se) stoichiometry are commonly found in two different structural polymorphs at ambient conditions [1] [2] [3] . One of these structural classes is the cubic spinel phase [space group (SG) F d3m, Z = 8, Fig. 1 ], which is composed of AX 4 tetrahedral and edge-sharing CrX 6 octahedral units. The spinel structure presents a prototype system for studying magnetic interactions in solids, mainly due to the geometric frustration of the magnetic Cr 3+ cations residing in a pyrochlore lattice [4, 5] . The other structural group for the A 2+ Cr 3+ 2 X 2− 4 compounds is the monoclinic Cr 3 S 4 -type phase (SG C2/m, Z = 2), which can be viewed as a defect variant of the hexagonal NiAs-type structure with ordered vacancies [6] . Both types of cation are octahedrally coordinated with respect to the anions in this phase, i.e., the Cr 3 S 4 -type structure has a higher density than the spinel phase. Therefore, this monoclinic Cr 3 S 4 -type phase can be viewed as a high-pressure structural candidate for the spinel members of this series.
All of the oxide members of the A 2+ Cr 3+ 2 X 2− 4 series adopt the spinel structure at ambient conditions. Upon compression and/or heating, the oxide spinels tend to adopt a denser orthorhombic CaTi 2 O 4− , CaMn 2 O 4− , or CaFe 2 O 4 -type phase [7] [8] [9] [10] [11] , occasionally through an intermediate tetragonal structure (SG I 4 1 /amd, Z = 4) [12] [13] [14] . A transformation from the cubic phase towards the Cr 3 S 4 -type structure has not been reported for any oxide Cr spinel to our knowledge.
On the other hand, the A 2+ Cr 3+ 2 (S,Se) 2− 4 chalcogenides crystallize in either the spinel structure or the Cr 3 S 4 -type phase at ambient conditions, depending on the type of the A cation [2] . In particular, Cr-based sulfides with A 2+ = Mn, Fe, Co, Cu, Zn, Cd, and Hg adopt the spinel structure, whereas materials with A 2+ = Ti, V, Cr, and Ni crystallize in the Cr 3 S 4 -type phase. High pressure and/or high temperature is known to tranform the Mn, Fe, and Co thiospinels into the denser Cr 3 S 4 -type phase [15] . These structural transitions are accompanied by significant alterations in the magnetic and electronic properties [2, 16] . Finally, the vast majority of selenides favors the Cr 3 S 4 -type phase (A 2+ = Ti, V, Cr, Ni, Mn, Fe, and Co); materials with A 2+ = Cu, Zn, Cd, and Hg adopt the spinel structure [6] . The only recorded example we know of a selenide spinel transforming into a Cr 3 S 4 -type phase is CdCr 2 Se 4 , which was reported to adopt a monoclinic superstructure of Cr 3 S 4 at combined pressure and high-temperature conditions [1] .
Previous studies at ambient pressure show that ZnCr 2 Se 4 undergoes a coupled magnetostructural transition below ∼20 K [17] [18] [19] [20] [21] [22] , whereas another structural transformation of the cubic structure into an unknown phase occurs at high temperatures [23] . Given this structural instability with varying temperature along with the strong spin-lattice coupling active in this system, the application of external pressure presents an appealing variable for further exploring and tuning the physical properties of this compound. Indeed, a recent high-pressure optical investigation detected electronic changes initiating beyond 11 GPa [24] ; the authors attributed this behavior to a pressure-induced structural modification.
Partly motivated by the aforementioned study, we have investigated the structural and vibrational properties of ZnCr 2 Se 4 under pressure. Our high-pressure x-ray diffraction (XRD) study at room temperature shows that ZnCr 2 Se 4 undergoes a reversible structural transformation from the starting spinel phase towards a monoclinic structure initiating at 17 GPa. Our high-pressure Raman investigation evidences the substantial reduction of Raman intensity above 12.5 GPa, in agreement with the aforementioned IR study [24] . Finally, our ab initio density functional theory (DFT) studies successfully reproduce the cubic-monoclinic structural transition; in addition, the calculations indicate significant magnetic moment and band gap reduction accompanying the structural modification.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
Details of the sample synthesis have been reported elsewhere [21] . Pressure was generated with a gasketed diamond anvil cell (DAC), equipped with a set of diamonds with 300 μm culet diameter. The ruby luminescence method [25] was employed for measuring pressure.
The angle-resolved high-pressure powder XRD measurements were performed at the 16BM-D beamline of the High Pressure Collaborative Access Team, at the Advanved Photon Source of Argonne National Laboratory. The incident monochromatic x-ray beam energy was E = 29.2 keV (λ = 0.4246Å), whereas the sample-detector distance was 318 mm. The measured XRD diffractograms were processed with the FIT2D software [26] . Refinements were performed using the GSAS+EXPGUI software packages [27, 28] . The P -V data were fitted with the Birch-Murnaghan equation of state (BM EOS) [29] for both phases. Helium served as a pressuretransmitting medium (PTM).
High-pressure Raman experiments were conducted on single-crystalline ZnCr 2 Se 4 samples with a solid-state laser (λ = 532 nm), coupled to a single-stage Raman spectrometer. Both helium and a mixture of methanol-ethanol-water 16:3:1 (M-E-W) served as PTM in separate runs, yielding identical results.
The ab initio DFT calculations were performed with the Vienna ab initio simulation package (VASP) [30] [31] [32] [33] using the projector-augmented wave (PAW) method [34, 35] with the Purdew-Burke-Ernzerhoff (PBE) generalized gradient approximation (GGA) [36, 37] . Potentials of Zn, Cr_pv, and Se were chosen, where "_pv" denotes that the semicore 3p electrons of Cr were also included. The plane-wave cutoff energy was chosen to be 360 eV to ensure lattice parameter relaxations. During the electronic iterations, Gaussian smearing was used with a σ value as small as 0.02 eV, until the convergence criterion of 10 −5 eV was reached. Since the spinel-monoclinic structural transition was experimentally recorded at room temperature, and temperature is known to put the magnetic moments in disorder, we constructed both cubic and monoclinic structures with paramagnetic configuration for Cr 3+ using the special quasirandom structure (SQS) generation algorithm [38, 39] provided as the program MCSQS in the Alloy Theoretic Automated Toolkit (ATAT) [40, 41] for direct comparison with the experiment. Detailed information is provided in the Supplemental Material [42] .
To observe the pressure dependence and obtain the equilibrium lattice parameters, we picked five or more volume values covering the equilibrium volume and fitted the total energy values to a BM EOS [29] . During each run, the cell shape and atomic positions were allowed to freely relax until forces were below 0.01 eV/Å, as in earlier works [43] [44] [45] [46] [47] [48] . If this value could not be reached afer more than 100 steps, an energy criterion of 1 meV per atom was used. We then obtained the pressure values of each volume from the P (V ) formulation of the same EOS. Since the SQS supercells were not chosen in the shape of the conventional unit cells for both structures, and symmetry is broken for these SQS cells, symmetrization and idealization were carried out as a postprocessing step using the PYMATGEN interface [49] for the SPGLIB. The symmetry-finding tolerance of the class pymatgen.symmetry.analyzer.SpacegroupAnalyzer was set to be 0.3, a rather liberal value.
Finally, the site-projected and orbital-resolved density of states (DOS) were calculated using the tetrahedron method with Blöch corrections [50] and k-points meshes with a kpoints per reciprocal atom (KPPRA) of 2000. The energy axis from −10 to 5 eV relative to the Fermi energy was sampled with 4000 points.
III. RESULTS AND DISCUSSION
A. Vibrational and structural response of ZnCr 2 Se 4 under pressure
As a first step for resolving the high-pressure structural behavior of ZnCr 2 Se 4 , we have performed Raman spectroscopic investigations (Fig. 2) . We could detect four (out of the five expected) Raman-active modes for the spinel phase [51] . The F d3m Raman features could be followed up to ∼12.5 GPa. Beyond that pressure, the Raman spectra become rather featureless, hinting at a transition of ZnCr 2 Se 4 [ Fig. 2(a) ]. Such pressure-induced behavior can be attributed to either structural disorder [52] and/or electronic effects coming into play under pressure, e.g., an insulator-metal transition [53] . Given that we have no evidence of structural disorder from our XRD study (Fig. 3) , we tend to interpret the vanishing of the Raman signal of ZnCr 2 Se 4 as a pressure-induced insulator-metal transition. Indeed, our assignment is supported by the recent optical study of Rabia et al., where an increase of infrared reflectance was observed in between 11and 14 GPa [24] . The extended pressure range of the ZnCr 2 Se 4 transition between the Raman and IR investigations can be accounted for by the quasihydostatic sample environment of the latter study (CsI powder as PTM) [24] . The pressure-induced transition observed in our Raman study is reversible upon decompression (Fig. 2) .
Selected XRD patterns of ZnCr 2 Se 4 are presented in Fig. 3(a) . The starting F d3m phase persists up to ∼15 GPa. Upon further pressure increase, the appearance of several new Bragg peaks indicates a structural transition [ Fig. 3(a) ]. These new features dominate the XRD spectra at 18 GPa, marking the complete structural transformation of the spinel phase. The onset pressure for the transition follows the empirical trend established for AB 2 X 4 compounds in terms of their cationic radii [54] . The F d3m spinel phase is recovered upon decompression, consistent with our Raman investigation. We note that there exists an ∼4 GPa deviation in the transition pressures observed in our Raman and XRD studies, implying that the proposed insulator-metal transition precedes the structural transformation. We discuss this discrepancy in Sec. III D. On the other hand, the high-pressure structure could be indexed with a monoclinic unit cell with approximate dimensions a = 11Å, b = 6.8Å, c = 13Å, β = 113
• , and V = 895Å 3 at 21.4 GPa, thus hinting at Z = 8 for this structural modification. Unfortunately, both the significant overlap of Bragg reflections [ Fig. 3(b) ] and the development of texture effects after the structural transformation hindered the determination of a space group and consequent Rietveld refinements. Nevertheless, our estimated unit cell parameters approximated the respective room-temperature values of the A 2+ Mo 2 S 4 (A 2+ = V, Cr, Fe, Co) series (SG Cc, Z = 8, Fig. 1 ) [58] , a distorted variant of the Cr 3 S 4 -type phase [59] . In this structure, both types of cations exhibit sixfold coordination with respect to the anions, with alternating layers containing either AS 6 or MoS 6 stacked along the c axis (Fig. 1) . Thus, by taking into account (a) the coincidence of the unit cell parameters between our high-pressure ZnCr 2 Se 4 phase and the A 2+ Mo 2 S 4 series, (b) the structural similarity of the latter with the Cr 3 S 4 -type phase adopted by several ACr 2 Se 4 compounds [6] , and (c) the transition of the CdCr 2 Se 4 spinel towards a Cr 3 S 4 -type superstructure under combined highpressure and high-temperature conditions [1] , we propose that the high-pressure modification of ZnCr 2 Se 4 can be described with an AMo 2 S 4 -type structure.
In order to verify the experimental cubic-monoclinic transition, we have determined the structural stability for the F d3m and the proposed AMo 2 S 4 -type structures of ZnCr 2 Se 4 under pressure via ab initio DFT calculations. In Fig. 4 we show the calculated enthalpy values H = E + P V for the paramagnetic cubic and monoclinic phases of ZnCr 2 Se 4 at various pressures. It is clear that the structural transition is reproduced near 13 GPa. Even though the calculated transition pressure P Tr resides slightly lower than its XRD counterpart (P Tr ≈ 17 GPa), this discrepancy can be accounted for by the neglect of temperature effects in our calculations.
In Fig. 5 we present the experimental and calculated P -V data of the F d3m and the monoclinic high-pressure phases of ZnCr 2 Se 4 . The respective lattice parameters and the F d3m interatomic parameters are provided in the Supplemental Material [42] . As we can observe, the cubic-monoclinic transition exhibits a sizable volume decrease at the transition point (∼5%), due to the coordination increase of Zn 2+ with respect to Se 2− from fourfold to sixfold (Fig. 1) . We note that the calculated cubic structural parameters are very close to the experimentally determined values; on the other hand, the respective values for the monoclinic phase exhibit deviations of ∼3%-4% (Fig. 5) [42] . Such structural discrepancies are well-known effects within DFT calculations with GGA PBE functionals. Fitting of the experimental and calculated P -V data with the BM EOS [29] functions for both phases yields the respective elastic parameters (Table I) modulus B 0 value is smaller than in a previous high-pressure study [60] , with the discrepancy arising probably from the different experimental conditions, i.e., the PTM employed in each investigation.
C. Effect of pressure on the electronic and magnetic properties
Having established the cubic-monoclinic structural transition both from our experiment and from calculations, we now focus on possible pressure-induced electronic and/or magnetic effects accompanying this structural modification. In Fig. 6 we show the calculated electronic density of states for both the cubic and monoclinic phases of ZnCr 2 Se 4 at two different pressures, assuming a paramagnetic configuration. For the cubic phase, the maximum of the valence band (VBM) is composed of Cr t 2g orbital states with a strong admixture of Se p states, whereas the minimum of the conduction band (CBM) is formed primarily by Cr e g states. Even though the ideal picture of an octahedrally coordinated Cr 3+ has no electrons in the Cr e g states, we still find some states between −4 eV and −2 eV. One plausible explanation is that the Se 2− ligands are not ideal, leading to partial charge transfer (ideally 3e). Another explanation might be that the orbital splitting technique employed by VASP assigns part of the Cr-Se bonding electrons to the Cr e g orbital. Furthermore, the cubic phase is accurately described as insulating at ambient pressure (E calc g = 0.75 eV), consistent with the experimental picture at room temperature (E expt g = 1.285 eV) [63] . The numerical band gap E g discrepancy comes from the well-known E g underestimation of the DFT approach. Upon compression, more Cr t 2g states participate in the CBM, followed by a concomitant band gap decrease (E calc g = 0.49 eV at 20 GPa). For the monoclinic phase, the VBM is primarily formed by Cr t 2g , Se p, and more Cr e g states than the cubic phase, whereas the CBM is mostly composed of Cr t 2g bands. Increasing pressure leads to the particpation of more Cr e g states in the CBM. This orbital contribution difference in the DOS between the cubic and monoclinic phases is caused by the distortion of the Se 2− octahedra surrounding the Cr 3+ cations, which is more prominent in the monoclinic structure and "pushes" more electrons to the e g orbitals. Regarding the band gap value, the monoclinic structure shows an E calc g of 0.36 eV at ambient pressure, which drops to 0.06 eV at 20 GPa. In other words, ZnCr 2 Se 4 has undergone a substantial band gap reduction upon adopting the monoclinic structure. We note finally that due to the full shell structure of Zn d electrons, the latter remain isolated for both phases (Fig. 6) ; the remaining orbitals not shown in the DOS, do not have any significant contributions either.
In order to examine the cubic-monoclinic transition in a more elaborate manner, we have calculated the pressureinduced response of the bulk band gap E g and the average magnetic moment μ of Cr 3+ . As we can observe, compression of both phases leads to the gradual decrease for both of these physical quantities. Upon passing into the structural stability regime of the monoclinic phase, i.e., beyond 13 GPa, we can observe significant changes of E g and μ of Cr 3+ (Fig. 7 , from the black to the red line along the vertical dashed line). Besides the bulk band gap reduction mentioned before (Fig. 6) , the magnetic moment μ of Cr 3+ becomes almost halved, from 2.7μ B to 1.5μ B . Upon pressurizing the monoclinic phase beyond 13 GPa, μ of Cr 3+ keeps decreasing. Extrapolation of the monoclinic μ of Cr 3+ indicates that a zero magnetic moment, i.e., a nonmagnetic solution will be reached beyond 70 GPa. Similar trends towards nonmagnetic configurations have been observed also for the high-pressure phases of FeCr 2 S 4 [55] , HgCr 2 S 4 [64] , and HgCr 2 Se 4 [57] .
D. Comparison with other Cr chalcogenide spinels
Compression of the chromium spinel sulfides at ambient temperature reveals somewhat diverse results. In particular, FeCr 2 S 4 adopts the Cr 3 S 4 -type structure at 15 GPa [55] ; the mixed Cu 0.5 Fe 0.5 Cr 2 S 4 spinel exhibits also the same high-pressure behavior [65] . CoCr 2 S 4 undergoes a structural transition towards an undientified phase at 8.5 GPa [66] , whereas HgCr 2 S 4 undergoes three structural transitions up to 40 GPa (F d3m → I 4 1 /amd → orthorhombic → unknown high-pressure phase) [64] . Finally, ZnCr 2 S 4 exhibits signs of amorphization beyond 10 GPa [67] ; a more recent study, however, indicates a high-pressure structural behavior similar to that of HgCr 2 S 4 [68] . On the other hand, combined high-pressure and high-temperature treatment transforms the MnCr 2 S 4 , FeCr 2 S 4 , and CoCr 2 S 4 spinels into Cr 3 S 4 -type phases [15] . Analogous studies on the selenide Cr spinels reveal that both CdCr 2 Se 4 [69] and HgCr 2 Se 4 [57] undergo tetragonal distortions at 10 GPa and 15 GPa at room temperature, respectively, with HgCr 2 Se 4 exhibiting signs of disorder upon further compression. Furthermore, CdCr 2 Se 4 was reported to adopt a Cr 3 S 4 -type superstructure at combined pressure and high-temperature conditions [1] .
Despite the aforementioned investigations, a criterion for the stability range between the spinel and Cr 3 S 4 -type phases has yet to be established. From an empirical point of view, it is clear that the monoclinic structure is favored for A 2+ cations with nonfilled outer d shells; in addition, this phase is more common for selenides than for sulfides [2] . The latter implies that the electronegativity of the anion (Se 2− > S 2− ) should also influence the structural stability. Taking these considerations into account, ZnCr 2 Se 4 represents an example of a spinel with closed-shell A 2+ cations adopting such a monoclinic (super)structure under sufficient compression at ambient temperature. Our observation may thus serve as a starting point for unraveling the structural systematics of these interesting systems.
Regarding the possible driving force behind the cubicmonoclinic structural modification, similar transitions observed in FeCr 2 S 4 [55] and Cu 0.5 Fe 0.5 Cr 2 S 4 [65] were attributed to a pressure-induced Mott transition of the Fe 2+ cations and a combination of Jahn-Teller and magnetic (highspin to low-spin) effects in Fe and Cu cations, respectively. These explanations, however, do not seem plausible for the orbitally inactive ZnCr 2 Se 4 compound. On the contrary, the cubic-monoclinic transition in our case is most likely guided by steric effects, i.e., the favoring of denser structures with higher coordination numbers under pressure. As a result, the electronic and magnetic changes observed in the vicinity of the cubic-monoclinic transition from our DFT calculations (Fig. 7) appear to be consequences of the structural modification, rather than the driving force behind it.
Finally, we would like to address the apparent inconsistency in the transition pressures recorded in our Raman (Fig. 2) and the IR studies of Rabia et al. [24] (insulator-metal transition in between 11 and 14 GPa), and the cubic-monoclinic structural transition evidenced from our XRD investigation close to 17 GPa. It appears that the insulator-metal transition precedes the structural change, thus implying either (a) the pressureinduced metallization of the F d3m phase prior to the structural transformation, or (b) the appearance of an intermediate metallic phase prior to the adoption of the high-pressure monoclinic structure. The first scenario is not supported by our DFT calculations, where the cubic phase remains insulating throughout the investigated pressure range [ Fig. 7(a) ]. As for the second possibility, our XRD study could not provide any evidence for the existence of a transient structure.
On the other hand, and considering that both Raman and IR methods "observe" the structure on a local scale whereas XRD serves as a more bulk probe [70] , a plausible explanation behind the transition pressure discrepancies might be the following: the nucleation of the monoclinic highpressure phase initiates on a local scale at about ∼13 GPa, as determined by our Raman study. This high-pressure phase appears to be metallic, thus accounting for the loss of the Raman signal. Further compression leads to the development of the high-pressure monoclinic phase at the expense of the starting F d3m structure; at 17 GPa, the volume of the monoclinic phase becomes sizable enough to be detected in our XRD measurements. In other words, both Raman and XRD studies detect the same high-pressure phase, with the transition pressure difference rising from the diversity in the lattice range probed by these two methods. This possibility would also be compatible with our DFT studies, where the cubic-monoclinic transition is accompanied by an insulator-metal transition (Figs. 6 and 7) .
IV. CONCLUSIONS
We have conducted high-pressure x-ray diffraction and Raman spectroscopic studies on the ZnCr 2 Se 4 cubic spinel at room temperature. Our XRD study reveals one reversible structural transition near 17 GPa. This high-pressure phase could be best indexed with a structure resembling an AMo 2 S 4 -type phase, a distorted variant of the Cr 3 S 4 structure. Our high-pressure Raman measurements revealed the substantial reduction of the Raman signal above 12.5 GPa, thus hinting at an insulator-metal transition. Our observation is consistent with a recent IR investigation [24] . Furthermore, our ab initio DFT study successfully reproduces this cubic-monoclinic structural transition. We computationally detected significant electronic and magnetic changes accompanying the structural modification, i.e., the substantial electronic band gap reduction (almost closure) and a halved Cr 3+ magnetic moment.
